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A human cranium was recovered from the River Witham, Lincoln, UK, at Stamp End Lock during a police operation in 2002.
Although extensive trauma was noted, the skull was not of forensic interest since radiocarbon dating revealed that the individual
had lived during the Roman occupation of Lincoln, almost 2,000 years ago. The skull had unusual black “metallic” staining on the
occlusal surfaces of the teeth. As this kind of staining is relatively uncommon, it was investigated to determine the possible cause.
An individual tooth was subjected to two elemental analyses: inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
and scanning electronmicroscopy-energy dispersive X-ray analysis (SEM-EDX). A small sample (𝑛 = 21) of modern teeth was also
analysed for comparison to determine “normal” ranges of certain elements. Analysis of the ancient tooth shows very high levels
of manganese (275 𝜇g/g) and iron (1540 𝜇g/g) compared to modern teeth values (1.90𝜇g/gMn and 40.81 𝜇g/g Fe). These results
were consistent with the black staining arising from iron and manganese infiltrating bone and dental tissue from the depositional
environment, and not a consequence of diet, pathological process or cultural practices.
1. Introduction
There aremany reported cases of discoloured teeth from both
living and deceased individuals in the scientific literature. In
living individuals, tooth discolouration is a well characterised
feature of some diseases, medical treatments, cultural prac-
tices, and occupations, whilst discoloured teeth in deceased
individualsmay be due to the action of fungi, interactionwith
the burial environment, or a visual marker of a habit during
life.
A number of metabolic and congenital conditions cause
human teeth to become discoloured; for instance, fluorosis
causes brown staining of the teeth and purple staining of
the gums, whilst congenital erythropoietic porphyria can
produce red-purple dentition [1, 2]. Discoloured dentition
is also associated with some occupations—most notably
workers in the metal industry, where a variety of staining
has been reported [3, 4]. Certain habits, such as smoking
and chewing tobacco and drinking coffee, are known to
cause yellow-brown discolouration of dentition [5, 6], whilst
chewing betel nut produces a deep red staining of the
dentition and oral mucosa [7]. Some drug treatments are
also known to cause dental discolouration; for example, the
antibiotic tetracycline is well documented as causing black
discolouration of dentition [8, 9].
Deliberate staining of teeth as a form of body modifica-
tion has a long history in a number of Asian cultures. For
example, in Japan, women stained their teeth black using
an acidic mixture containing iron compounds, resulting in
an even black stain. This practice was known as ohaguro
and was practiced until the beginning of the 20th century
[10]. In addition, people from southeast Asia and China have
employed a diverse range of plants to stain their teeth dating
back as far as the Neolithic, some 4500 years ago [11].
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Discoloured dentition has also been noted on the den-
tition of deceased individuals. A black metallic stain on the
teeth of Dr. CarlWeiss was discovered when he was exhumed
after 61 years. Dr.Weiss was shot repeatedly during an alleged
assassination of the Governor of Louisiana in 1935. A subse-
quent analysis by scanning electron microscopy techniques
(SEM-EDX) showed the presence of mercury in the teeth,
but nowhere else in the remains.The investigators concluded
that the black staining was from dental restorations that had
degraded. They postulate that products of decomposition
may have triggered the release of mercury from mercury
amalgam restorations.They suggested that sulphur dioxide in
combination with the humid burial environment may have
produced sulphuric acid, which reacted with the amalgam
causing the staining [12].
A number of authors have reported the occurrence of
pink teeth in both forensic and archaeological contexts. In
forensic contexts, pink teeth may be associated with those
who died as a result of trauma or instances of drowning
[13, 14]. However, the pink colouration has been identified
as haemoglobin, and it thought to be caused by seepage of
haemoglobin or its derivatives into dentinal tubules [13, 15, 16]
and as such could be expected to occur in every death. Dye et
al. [16] sectioned a number of teeth from individuals buried
at aMedieval leprosarium inChichester, UK.Whilst the teeth
bore a resemblance to pink teeth in forensic cases, the authors
noted that the cause of pink staining in archaeological teeth
was probably related to postmortem change brought about by
saprophytic fungi.
Green discolouration of teeth and bone was noted in
Spanish and Basque skeletons from the Cathedral of Santa
Maria in Vitoria, Spain. The green stain was the result
of an ancient practice that involved placing a silver or
gold coin containing bronze in the mouth of the deceased
prior to burial for the purpose of paying the boatman for
passage across the river of woe. The copper component of
the bronze reacted with the acidic environment caused by
decomposition creating basic copper carbonate. The copper
carbonate then seeped into the porous spaces of the bones
and teeth or replaced the mineral portion of the bone [17].
Blue teeth have been reported in subadult skeletons
affiliated with the Mexica cultural group at Tlatelolco [18].
The site was occupied from around AD 1340 until the arrival
of the Spanish in the 16th century. A total of 1592 teeth
were observed in 148 individuals: 74 (4.65%) had a blue
discolouration. The authors investigated the staining using
particle induced X-ray emission spectrometry (PIXE). They
found high levels of manganese and iron that could not be a
result of live ingestion, as internal processes of absorption and
excretion would have controlled the levels of these elements
[19].
A blue-black metallic discolouration was noted on the
dentition of individuals buried in a Medieval (c AD 1100–
1600) churchyard in Trondheim, Norway. A total of 51 skulls
were found to have unusual discolouration on the occlusal
surfaces of the teeth, similar to the teeth in the cranium from
the River Witham [20, 21]. The majority of skulls with black
teeth were discovered in waterlogged soil rich in organic
content. Trace element analysis using secondary ion mass
Figure 1: The cranium of an adult male recovered from the River
Witham, Lincoln, UK.
spectrometry (SIMS) and atomic absorption spectroscopy
(AAS) was used to determine the elevated levels of metals.
Manganese, strontium, barium, and iron were selected for
further analysis with AAS, as these elements correlated with
the analysed path (tooth section) and degree of colouration.
Manganese showed the strongest correspondence with the
discoloured enamel.
In this study, the cranium recovered from the River
Witham in Lincoln exhibited a black metallic staining on
the surfaces of the teeth. As this black staining is relatively
uncommon and there are few instances of it being reported
in the literature, it was considered worthy of further investi-
gation to determine the cause of the staining.
2. Materials and Methods
2.1. The Witham Cranium. A human cranium was recov-
ered from the surficial (0–10 cm) sediment in Stamp End
Lock (SK982711), Lincoln, UK, by police during a murder
investigation in 2002. The cranium (Figure 1) was unrelated
to the enquiry and no other remains were found which
could be associated with the same individual. After exam-
ination by a forensic pathologist, the skull was determined
to have no forensic significance for further investigation
by law enforcement agencies, despite evidence of massive
perimortem trauma. A sample approximately 3 cm square
was taken from the occipital bone, just posterior to the
foramen magnum and sent for AMS radiocarbon dating at
the 14 CHRONO Centre at Queens University, Belfast.
This analysis gave an age of 1858 ± 35 years (calibrated
using OxCal 4.2 and the INTCAL09 data set at 95.4%
probability 76–237 cal AD). This date is consistent with the
Roman occupation of Lincoln [22].
The cranium was that of an adult male, indicated by
the large mastoid processes, prominent supraorbital ridges,
temporal ridges, and nuchal crest [23] (see Figure 1).The third
molar was fully erupted with fully formed roots, suggesting a
minimum age at death in the early 20s [24].
There were seven teeth present in themaxilla, all of which
exhibitedmetallic blue-black staining on the occlusal surfaces
(see Figure 2). When a tooth was extracted for analysis, it
was noted that the intact root was also stained black. The
stain was uniform and could not be scraped off. Due to the
historic nature of the skull and in order to preserve it as much
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Figure 2: The maxilla of the Witham cranium showing metallic
black staining on the occlusal surfaces of the seven teeth.
as possible, only one tooth was extracted for the analysis
described in this work. No X-rays were performed.
2.2. Modern Tooth Samples. Twenty-one modern adult teeth
were obtained from anonymous donors undergoing routine
extractions after informed consent and with permission from
a dental surgery in Nottingham, UK. Patients were given
information about the study, its aims and objectives, before
consenting to donation of their tooth. Approval was sought
and granted by the University of Lincoln’s ethics committee
prior to undertaking this collection. Both males and females
donated teeth, and all types of teeth were collected from
both the maxilla andmandible. Some teeth with dental caries
(10%) were included in the sample.
2.3. Preparation and Analysis of Tooth Samples. To prevent
sample contamination, all laboratory glassware was cleaned
with detergent (5% (v/v) Decon 90 solution) and deionised
water then rinsed with 10% (v/v) Analar nitric acid, then
rinsed with deionised water before use. Each tooth was
soaked in a solution of 10% (v/v) hydrogen peroxide for 1 hour
to remove any organicmaterial, although some of themodern
teeth had been sterilised by the dental surgeon using sodium
hypochlorite. They were then rinsed with deionised water,
air dried, and weighed. The teeth were digested with Aristar
reagents, using 4mL of 70% (v/v) nitric acid and 3mL 70%
(v/v) perchloric acid in a conical flask, heated on a hotplate
in a fume cupboard until a transparent liquid was produced
which was adjusted to 10mL with deionised water. Blanks
were included with the sample digestions. Concentrations
of metals in the modern tooth samples were determined
with Atomic Absorption Spectrometer (Unicam 969 AA
Spectrometer,Thermo Electron Corporation) in flamemode.
Based on the literature [18, 20, 21, 25] the following metals
were selected for analysis as they have been implicated in the
cause of the colouration of teeth and bone: Manganese, Iron,
Zinc, and Lead. All reagents and material were purchased
from Sigma Aldrich (Gillingham, UK).
The ancient tooth was cleaned, weighed, and digested
as previously described. In order to use the minimum
amount of sample digest possible yet enabling simultaneous
quantification of multiple elements, the metal content (Mn,
Figure 3: Structure of the diploe¨ in theWitham cranium illustrating
the cortical (dark brown) and trabecular bone (filled with blue-black
material).
Fe, Zn, Pb) of the ancient toothwas determined using an ICP-
AES (Perkin Elmer Optima 2100 DV OES).
For SEM-EDX analysis, a powdered tooth sample taken
from the right maxillary 3rd molar of the ancient cranium
was analysed and visualised using a Quanta 200 ESEM (FEI,
Eindhoven) and an Oxford Instruments X-Act dry X-ray
detector at 20KeV and a working distance of 10mm (usual
angle of 30∘). The analysis of the powder was carried out for
100 seconds at a minimum count rate of 1000 cps, giving the
subsequent quantitative results.Thiswas carried out using the
Inca software package point and analysis provided by Oxford
Instruments.
3. Results and Discussion
Table 1 shows the results from the analysis of a set of 21
modern teeth and the ancient tooth. The results of the
modern teeth are observed to be similar to other modern
teeth data sets from other authors [26–28]. The ancient tooth
has very large amounts of iron and manganese compared to
the mean concentration of the metals detected in modern
teeth. Further comparison of the ancient and modern tooth
data reveals that the level of lead produced similar results.The
level of zinc is low compared tomodern teeth, with zinc levels
3x higher in themodern teeth set.The levels of zinc in human
tissue are known to be associated with nutritional conditions
[29], with some authors suggesting that zinc plays a crucial
role in bone growth and regeneration [30]. Increases in the
content of zinc in the modern teeth are probably associated
with an increase in the consumption of zinc-rich foods, such
asmeat protein [27], although it should be noted that zinc has
yielded inconsistent trophic level effects and is thought to not
be a reliable indicator of trophic level [31].
When the right maxillary third molar was removed from
the ancient skull it was noted that the root was stained black,
as was the occlusal surface of the tooth. It is also interesting
to note that when the bone sample for radiocarbon dating
was taken, the diploe¨ had been extensively recrystallised with
a material similar in appearance to the blue-black material
of the tooth (see Figure 3). The laboratory that carried out
the radiocarbon dating also encountered some difficulty in
obtaining enough collagen from the bone sample submitted
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Figure 4: SEM scan of powdered ancient tooth material illustrating light (scan 1) and dark (scan 2) material.
Table 1: Metal concentrations of a set of modern teeth and the ancient tooth in 𝜇g/g.
Mn Fe Zn Pb
𝜇gmetal/g modern tooth (determined by AAS) 𝑛 = 21
Min 0.88 20.20 129.02 0.97
Mean 1.90 40.81 174.32 2.46
Max 4.29 86.17 263.94 9.11
StDev 0.67 19.52 34.03 2.09
𝜇gmetal/g ancient tooth (determined by ICP-AES) 𝑛 = 1
Mean 275.24 1539.72 62.60 2.40
StDev 1.09 0.66 0.79 2.34
to them. This is suggestive of significant postmortem change
including the loss of the organic component of bone. The
blue-black metallic stain present on the teeth and within the
internal structure of the bone suggests that material from
the depositional environment had infiltrated both bone and
teeth.
The descriptions of the stained teeth from the medieval
churchyard in Trondheim were very similar to the teeth
from the Witham cranium. Elemental analysis of these teeth
revealed high levels of manganese and iron [20, 21]. The
results presented here show that the teeth from the Witham
cranium also had high levels of manganese and iron.
As it appears that manganese compoundsmay be respon-
sible for the black staining, it was crucial that the teeth were
analysed for manganese to establish a “normal” range in a
contemporary population to compare with the ancient tooth.
Both manganese and iron in the ancient tooth are clearly
higher, with manganese concentrations 140x greater than
modern teeth and concentrations for iron 38x greater. These
high levels of these metals present in the Witham cranium
tooth are in concordance with other studies on discoloured
teeth which found that iron and manganese in various forms
caused blue, brown, and black staining on archaeological
teeth.
The study of Mansilla et al. [18] on blue stained teeth
suggests that the postmortem alterations to teeth involved
the cumulation and diagenesis of iron, manganese, and
organic matter solutions that were eluviated from the soil. An
earlier study of subadult dentition from 92 individuals from
sites around Mexico City (Templo Mayor, Tlatelolco, and
Metropolitan Cathedral) revealed eight individuals with blue
staining on the teeth. Subsequent analysis of the stained teeth
using PIXE and Rutherford Backscattering Spectrometry
(RBS) found higher levels of manganese and iron in the
stained sections of teeth compared to nonstained teeth [25].
Work by Stermer and co-workers [20, 21] demonstrated
there was no difference in the amount of iron in white and
black enamel on the TrondheimChurchyard black teeth, sug-
gesting that manganese caused the black staining. Stermer-
Beyer-Olsen and Risnes [20] believed that the staining was
caused by factors in soil and in their follow-up study [21]
concluded that it was manganese oxide deposited from grave
soil that was the cause of the blackish staining. More specif-
ically, they suggested that since manganese does not occur
free in nature, it must be present within teeth as a mineral
such as pyrolusite (manganese dioxide) and psilomelane (an
oxide mineral of manganese and barium), both of which are
described as bluish-black with a metallic appearance. These
minerals form as precipitates in lakes and bogs [32–34].
The powdered ancient tooth was analysed using SEM-
EDX (Figure 4) which illustrates areas of both light and
dark material. The first scan was of an area of white powder,
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Table 2: Elements detected in powdered tooth material by SEM-EDX.
Element Scan 1 (light tooth material) Scan 2 (dark tooth material)
Weight% Atomic% Weight% Atomic%
C 16.22 26.03 8.57 15.04
O 44.20 53.26 44.48 58.64
Na 0.34 0.29 0.40 0.37
Mg 0.14 0.11 0.18 0.16
Al 0.06 0.04 0.07 0.06
P 11.69 7.28 13.33 9.08
Cl 0.14 0.07 0.15 0.09
Ca 26.32 12.66 30.60 16.10
Fe 0.30 0.11 0.48 0.18
Cu 0.31 0.09 0.28 0.09
Sn 0.28 0.05 0.46 0.08
Pt — — 0.99 0.11
which was most likely to be tooth material that was largely
unaffected by the staining. The results (Table 2) indicate
large amounts of carbon, oxygen, phosphorous, and calcium,
entirely consistent with the composition of hydroxyapatite
Ca
10
F
2
(PO
4
)
6
. The second scan was from the area of darker
material. Most noticeably there is a large decrease in the
amount of carbon. This may indicate an overall decrease of
the organic component of the tooth, which is evidence of
diagenesis, a complex set of processes that may involve the
processes of dissolution, precipitation, mineral replacement,
recrystallisation, and ionic substitution [35–37].
The loss of organic content combinedwith evidence of the
infiltration of elements from the depositional environment
has been reported by a number of authors. Garland [38]
defined infiltrations as the “presence of extraneous material
within the bone substance itself ” and noted that these
infiltrations are often visible on bone sections. Manganese
and iron compounds have been implicated as infiltrants in
archaeological bone resulting in black staining, specifically
framboidal pyrite (crystals of iron sulphide, FeS
2
) and man-
ganese oxides [39–46].
Water is also likely to be a key factor in diagenetic
processes, but as Hedges [35] states, the effect of hydrology
on diagenetic processes is complicated. In water with acidic
pH, calcium phosphates in bone become more soluble.
In acidic conditions, manganese and iron compounds are
soluble.This, in combination with humic substances in water,
results in brown colouration of bones in these conditions
[44, 47, 48]. The cranium from the River Witham represents
an extreme case of diagenetic change, with infiltration of
manganese and iron resulting in the infilling of the diploe¨
in the cranium and extensive infiltration and discolouration
of the dentine of the teeth. Based on the analyses and what
is known about diagenesis of manganese and iron in aquatic
environments, it is suggested that this extreme taphonomic
alteration of archaeological tooth and bone is caused by
iron and manganese compounds present in the depositional
environment.
4. Conclusion
Many factors and processes can cause discoloured teeth in
living and deceased individuals. In the case of the Witham
cranium, it has been shown that there are high levels of
manganese and iron compounds present within the tooth
matrix. It would appear that these compounds are responsible
for the generation of the unusual black metallic staining
observed.
The SEM-EDX results show less carbon in the darker
areas of the tooth. This, together with the ICP-AES results
from the metal analysis, suggests that the cranium has
undergone significant postmortem change. This will have
involved a complex set of processes characterised by the
loss of the organic component of the teeth and diagenesis
of manganese and iron compounds from the depositional
environment and is not the result of pathological processes,
cultural practice, or diet.
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